Introduction
Electronic transitions of iron in lower mantle minerals have attracted significant interest in application to understanding the geophysics, geochemistry, and geodynamics of the deep lower mantle [e.g., Badro et al., 2003; Lin et al., 2005; Speziale et al., 2005; Cammarano et al., 2010; Yang et al., 2015] , but the nature of the spin transitions of iron in bridgmanite remains in question experimentally [Lin et al., 2013] . The spin transition of iron in ferropericlase has been indisputably established in first-principle theoretical calculations and by observations in high-pressure diamond anvil cell (DAC) experiments, including the collapse of the Fe Kβ satellite peak in X-ray emission spectroscopy (XES), the disappearance of the quadrupole splitting (QS) in Mössbauer spectroscopy (MS) , and the volume decrease in X-ray diffraction (XRD) [e.g., Badro et al., 2003; Lin et al., 2005; Speziale et al., 2005; Mao et al., 2011; Lin et al., 2013; Yang et al., 2015] . In contrast, the spin and valence states of iron in the lower mantle bridgmanite, the most abundant mineral in the planet, have also been extensively investigated using the same approaches, but literature experimental results cannot be simply reconciled with theoretical predictions and have remained controversial (see Lin et al. [2013] for a recent review).
The major challenge in deciphering the valence and spin states of iron in bridgmanite can be traced to its rather complex crystal chemistry, in which iron ions can occupy two crystallographic sites [e.g., Vanpeteghem et al., 2006; Lin et al., 2013] . Magnesium bridgmanite (MgSiO 3 ) has a distorted orthorhombic crystal structure, in which Mg 2+ occupies the large pseudo-dodecahedral (8/12-fold) A site and Si 4+ resides in the smaller 6-fold, octahedral B site. Previous experimental and theoretical results have shown that Fe 2+ mainly substitutes for Mg 2+ in the A site, whereas Fe 3+ can occupy both A and B sites, in which the abundance and site occupancy of Fe 3+ depends on the amount of Al-Si substitution [e.g., McCammon, 2006; Vanpeteghem et al., 2006; Hsu et al., 2010 Hsu et al., , 2011 Hsu et al., , 2012 Hsu and Wentzcovitch, 2014; Mohna and Trønnesa, 2016] Grocholski et al., 2009; McCammon et al., 2008 McCammon et al., , 2010 Catalli et al., 2010 Catalli et al., , 2011 Hsu et al., 2010 Hsu et al., , 2011 Fujino et al., 2012 Fujino et al., , 2014 . Together with the derived total spin momentum of approximately one (S = 1) from XES results, the A-site Fe 2+ has been suggested to undergo a high-spin to intermediate-spin transition at high pressures [e.g., Lin et al., 2008; McCammon et al., 2008 McCammon et al., , 2010 . However, it has been shown in recent firstprinciple calculations that the extremely high QS is a result of the pressure-induced local lattice distortion [Bengtson et al., 2008 [Bengtson et al., , 2009 Hsu et al., 2010 Hsu et al., , 2011 Hsu et al., , 2012 Hsu and Wentzcovitch, 2014] . Furthermore, the decrease in the Fe Kβ satellite intensity could be due to the peak broadening artifact that can contribute to an overestimation of the reduction of the total spin momentum in the XES spectral analysis [e.g., Mao et al., 2014] and hyperfine parameters that are characteristic of the high-spin state. A significant reduction of the Fe Kβ satellite peak was only observed from the sample under nonhydrostatic condition without laser annealing or when the peak broadening effect was not taken into account. Our results are applied to understand the role of the iron valence and spin states in bridgmanite on the geophysics and geochemistry of the deep lower mantle.
Experiments
Bridgmanite single crystals (run no. 5k2179) were synthesized from a mixture of starting materials including ground MgSiO 3 , Mg(OH) 2 , Al 2 O 3 , and 57 FeO powder in an appropriate wt % proportion of 71:17:7:5. The mixture was packed into a Pt capsule measuring 1 mm in diameter and 2 mm in length and then compressed using the 5000 t Kawai Apparatus at Institute for Planetary Materials, Okayama University, at Misasa, Japan . Starting 57 Fe-enriched FeO oxide with >95% enrichment was purchased from Cambridge Isotopes Inc., and used in the synthesis to permit MS measurements that complement the XES study. The sample assemblage was compressed to 24 GPa and then heated to 1750°C for 7 h to permit sufficient growth of the crystals before being quenched to ambient temperature by cutting off the power to a LaCrO 3 heater. After opening the Pt capsule, pale brown subhedral single crystals of bridgmanite measuring tens to approximately hundreds of micrometers in size were identified using an optical microscope. Electron microprobe and high-resolution transmission electron microprobe analyses of the crystals showed homogenous chemical distribution and well crystalline atomic arrangements without observable signs of inclusions. Analysis of the X-ray diffraction results of the sample showed the crystal having the orthorhombic unit cell parameters (space group: Pbnm) of a = 4.7867 (2) 
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These crystals with~100 μm in diameter were polished from both sides of the platelet down to approximately 25 μm thick using 3 M diamond film with water as the lubricant; the use of water was intended to prevent any potential amorphization of the crystals during polishing. This surface-polishing process was considered necessary as some of the crystal surfaces may contain Fe-bearing materials as a result of high-temperature quenching that could affect MS and XES studies. The quality and orientation of the polished crystals were further examined using synchrotron XRD at the 13IDD beamline of the GeoSoilEnviroConsortium for Advanced Radiation Sources (GSECARS) of the Advanced Photon Source (APS), Argonne National Laboratory. Analysis of the diffraction images showed that the sample platelet was typically in (001) orientation with the full width at half maximum (FWHM) for each peak ranging from~0.05 to 0.07° (Figures 1a and 1b) .
Polished sample platelets were loaded into DACs with culet sizes of either 300 μm or 150-300 μm. A Be gasket of 3 mm in diameter was preindented to approximately 25 μm in thickness and drilled with a hole size of 250 μm. cBN gasket insert was then packed into the drilled hole, compressed to 25 GPa, and drilled with a hole of 80 μm in diameter which was used as the sample chamber ( Figure 1c ) [Lin et al., 2008] . Two sets of XES experiments were performed: (1) compression of the sample in a mineral oil pressure medium at ambient temperature without laser annealing and (2) laser annealing of the crystal to~1800 K at each given pressure, 
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where XES spectra were measured. In the laser-annealing experiments, the bridgmanite crystal was sandwiched between two dried NaCl layers a few micrometers thick that was also used as a pressure calibrant (Figure 1d ) [Fei et al., 2007] . The sample assemblage before compression was dried in a vacuum for 30 min using the gas loading system at the Mineral Physics Laboratory of the University of Texas at Austin. Laser-annealing experiments were performed at each given pressure for about 10 min prior to XES measurements using an offline laser heating system at the GSECARS sector, while the synchrotron XRD patterns were collected using a CCD at the 13IDD beamline with an X-ray wavelength of 0.3344 Å.
High-pressure XES experiments were conducted at 16IDD sector of the High Pressure Collaborative Access Team (HPCAT) of the APS to examine the total spin momentum of Fe ions in the crystals. An incident X-ray beam with an energy of 11.35 keV, a bandwidth of~1 eV, and a beamsize of 25 μm in diameter (FWHM) was used for the experiments. The incident X-ray was focused onto the sample through one of the diamond anvils, and the Fe Kβ emission spectra were collected by a silicon detector through the Be gasket and a Si analyzer in the 1 m Rowland circle geometry with a step size equivalent to about 0.3 eV. The collection time for each XES spectrum was about 40 min, and 5-10 spectra were collected and added together at each given pressure until the maximum intensity at the Fe Kβ main peak was more than 10,000 counts. The pressure was determined by the ruby R 1 fluorescence shifts of ruby spheres or XRD patterns of NaCl loaded in the sample chambers [Mao et al., 1986; Fei et al., 2007] . For laser-annealing experiments, XRD patterns of NaCl were also measured and used to determine pressures of the samples after laser annealing. Reference XES spectra for high-spin iron were collected from ferropericlase ((Mg 0.75 Fe 0.25 )O) and enstatite ((Mg 0.9 Fe 0.1 )SiO 3 ) as well as hematite (Fe 2 O 3 ) at ambient conditions, while ferropericlase at 95 GPa and 300 K and FeS 2 were measured for the low-spin reference [Mao et al., 2014] .
High-pressure SMS were collected by an avalanche photodiode detector at X-Ray Operations and Research sector 3 of the APS. An incident X-ray beam with an energy of 14.4125 keV and a bandwidth of 1 meV was used to excite the 57 Fe nuclei in the sample (Figure 2 ). The SMS spectra were evaluated with the CONUSS programs to derive the hyperfine parameters, quadrupole splitting (QS), and chemical shift (CS) [Sturhahn, 2000] .
Results and Discussion
XRD results of the crystals in the DAC confirmed that the samples after annealing remained in the orthorhombic structure (Pbnm) at the pressure range of the experiments, but the FWHM of the XRD peaks became significantly broader at high pressures even after laser annealing (Figure 1d ). The Mössbauer spectrum at ambient conditions can be well represented by the two-doublet model: doublet 1 with QS = 0.91 (±0.03) mm/s, CS = 0.45 (±0.01) mm/s, and 80% abundance and doublet 2 with QS = 1.96 (±0.15) mm/s, (Figure 2) . Comparison of the analyzed Mössbauer results with literature values shows that the doublet 1 with 80% abundance and relatively low QS and CS can be assigned to the A-site Fe 3+ , while doublet 2 and 3 with relatively high QS and CS values can be assigned to the A-site Fe 2+ (Figures S2 and S3) [e.g., McCammon, 1997; Ballaran et al., 2012; Lin et al., 2012 Lin et al., , 2013 . The relatively high abundance of the doublet 2 (14%) with a relatively low QS as compared with doublet 3 with lower abundance and higher QS in (Fe,Al)-bearing bridgmanite has been theoretically explained by the fact that the low-QS high-spin Fe 2+ in the A site prefers a high volume and that (Fe 3+ ,Al)-bearing bridgmanite has a larger volume than the Fe 2+ -bearing counterpart [Hsu et al., 2010 [Hsu et al., , 2011 [Hsu et al., , 2012 . Therefore, the results here indicate that the ratio of Fe 3+ and Fe 2+ in the A site remains unchanged at lower mantle pressure range after laser heating, supporting the dominant site occupancy in the A site and also negating the possibility of the proposed charge transfer in bridgmanite in the lower mantle.
High-pressure XES spectra collected from laser-annealed and nonannealed samples were analyzed using integrated absolute difference (IAD) and integrated relative difference (IRD) methods, respectively (Figures 3 and 4) [Vanko et al., 2006; Mao et al., 2014] . In the IAD analysis, the intensity of the Kβ satellite peak is integrated using reference high-spin and low-spin spectra in order to derive the integrated intensity of the iron ions in bridgmanite to infer its spin states at high pressures (Figure 3) . These results show that the integrated intensity continuously decreases with increasing pressure by a maximum of 40% at the highest pressures for both annealed and nonannealed samples. However, it has been pointed out in the XES spectral analyses that broadening due to nonhydrostatic pressure can also lead to a decrease in the integrated intensity, leading to imprecise interpretation of the XES spectra [Mao et al., 2014] . 
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The integrated intensity of the XES spectra from the IRD method, on the other hand, is systematically higher than that in the IAD method for both annealed and nonannealed samples (Figure 4) . The IRD method has been shown to account for the pressureinduced peak broadening to allow for the integrated intensity to be more representative of the total spin momentum of iron in the sample [Mao et al., 2014] . In the IRD analyses, the XES spectra are aligned around the Kβ main peak of the high-spin reference spectrum and are then integrated using the relative intensity difference of the spectra. Since the pressure-induced broadening effect on the XES spectra can produce spectral regions with either positive or negative differences in the comparison, the IRD analysis only integrates the difference in the satellite Kβ′ peak region from the lowest energy to the energy at approximately 7056 eV, where the spectral difference is zero near the left shoulder of the Kβ main peak. That is, the peak broadening effect from the Kβ main peak is minimized in the analysis. The difference in the integrated intensity between these two methods can be as large as approximately 30%, which can significantly affect the interpretation of the spin state of iron in the bridgmanite (Figure 4 ). In comparison, the integrated intensity for the annealed sample is systematically higher than that in the nonannealed samples in both IAD and IRD analyses (Figure 4) . We interpret this difference as a result of the peak broadening under nonhydrostatic conditions in the nonannealed sample because laser annealing is expected to significantly reduce the nonhydrostatic stress and pressure gradient in the sample chamber. Considering the nonhydrostaticity in these experiments and the peak-broadening effect in the spectral analysis, the total spin momentum derived from the IRD analysis of the XES spectra collected from the annealed sample should provide the most reliable inference for the spin state of iron in bridgmanite at high pressures. Based on the Mössbauer analysis that shows 80% Fe 3+ and 20% Fe 2+ in the A site (Figure 2 ), the total spin momentum (S) of the iron ions should be 2.4 for the high-spin state and 0.4 for all iron in the low-spin state (Figure 4 ). Within the experimental uncertainties, our XES results show that the derived total spin momentum remains almost unchanged and is characteristic of high-spin iron in the A site of bridgmanite at pressures up to 115 GPa. Our complementary XES and SMS results also show that the A-site high-spin Fe 3+ and Fe 2+ mostly remain in the same crystallographic site even after laser annealing at high pressures, indicating that the B-site Fe 3+ which will undergo a spin transition at high pressures is very minor in lower mantle (Fe,Al)-bearing bridgmanite. These results are consistent with recent theoretical predictions [Hsu et al., 2012; Mohna and Trønnesa, 2016] but are at odds with some experimental reports that suggested the charge transfer between the A-site Fe 2+ and the B-site Fe 3+ occurs at lower mantle conditions [e.g., Fujino et al., 2012 Fujino et al., , 2014 . The integrated intensity is normalized to one and zero using high-spin and low-spin ferropericlase, respectively, and is then used to infer the total spin momentum (S) using 80% Fe 3+ and 20% Fe 2+ in the lattice.
Geophysical Implications
Solid circles: data collected from the bridgmanite crystal after annealing at 1800 K; open circles: data without annealing; red symbols: IRD method; blue symbols: IAD method. Horizontal dashed line is plotted to guide the eyes for the total spin momentum at 2.4.
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10.1002/2016GL069836 Mohna and Trønnesa, 2016; Muir and Brodholt, 2016] . Therefore, even though the B-site Fe 3+ in bridgmanite has been reported to transition to the low-spin state at high pressures [e.g., Catalli et al., 2011; Hsu et al., 2012; Lin et al., 2012; Mao et al., 2015; Muir and Brodholt, 2016] , the negligible amount of the B-site Fe 3+ in (Fe,Al)-bearing bridgmanite is unlikely to play a major role in influencing the lower mantle geophysics and geochemistry. These results also indicate that the dominant A-site Fe 3+ does not migrate to the B site at relevant lower mantle conditions.
Considering that bridgmanite and ferropericlase are the most abundant minerals in the lower mantle, one can now address the collective role of the site occupancy and spin and valence states of iron on the lower mantle geochemistry and seismology. Recent high P-T studies have shown that the partition coefficient of iron between bridgmanite (Bm) and ferropericlase (Fp), (K D Bm-Fp = (Fe/Mg) Bm /(Fe/Mg) Fp ), can be drastically influenced by the Al 3+ substitution in bridgmanite and the spin transition of iron in ferropericlase, leading to high-spin bridgmanite enriched in Fe 3+ at the top lower mantle while the low-spin, iron-enriched ferropericlase coexists with iron-depleted bridgmanite below the middle-lower mantle conditions [e.g., Irifune et al., 2010; Muir and Brodholt, 2016] . Together with the stable high-spin bridgmanite throughout the lower mantle observed here, the spin transition of iron in ferropericlase is thus expected to play a dominant progressive role on the geophysics and geochemistry below the middle-lower mantle [e.g., Yang et al., 2015] . These results are mostly consistent with recent seismic observations of the lower mantle, where the top to middle parts of the lower mantle are mostly seismically homogeneous [e.g., Grand et al., 1997; Gu et al., 2001; Lekic et al., 2012; van der Hilst and Karason, 1999] . The conventional seismic observations for a relatively homogeneous region above the middle parts of the lower mantle are thus safe. However, our study here calls for further reexamination of some previous studies that have reported significant influences of the spin transitions of iron on physical, chemical, and transport properties of bridgmanite in the lower mantle [e.g., Goncharov et al., 2008; Keppler et al., 2008; Ohta et al., 2010] .
